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Abstract
We study Yukawa Renormalization Group (RG) running effects in the context of the
Standard Model Effective Theory (SMEFT). The Yukawa running being flavour depen-
dent leads to RG-induced off-diagonal entries, so that initially diagonal Yukawa matrices
at the high scale have to be rediagonalized at the electroweak (EW) scale. Performing
such flavour rotations can lead to flavour violating operators which differ from the ones
obtained through SMEFT RG evolution. We show, that these flavour rotations can have
a large impact on low-energy phenomenology. In order to demonstrate this effect, we
compare the two sources of flavour violation numerically as well as analytically and study
their influence on several examples of down-type flavour transitions. For this purpose we
consider Bs − B¯s mixing, b → sγ, b → s`` as well as electroweak precision observables.
We show that the rotation effect can be comparable or even larger than the contribution
from pure RGE evolution of the Wilson coefficients.
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1 Introduction 2
1 Introduction
The Standard Model (SM) of particle physics describes a plethora of phenomena with an
extraordinary precision. Nevertheless, several experimental results as well as theoretical
considerations point to an extension of the SM. A convenient way to parameterize such
New Physics (NP) effects is to adopt an Effective Field Theory (EFT) approach. In such
a setup, NP effects are described in terms of Wilson coefficients of higher-dimensional
operators. One of the most popular EFTs is the SM Effective Field Theory (SMEFT) [1–
4], which has been studied extensively in the literature. The complete one-loop running
of the SMEFT Wilson coefficients [5–7] as well as the matching from SMEFT onto
the Weak Effective Theory (WET) below the electroweak (EW) scale is known [8–11].
Furthermore, there are several computational tools dealing with various aspects of the
SMEFT [12–18]. Many NP analyses have been carried out in the context of SMEFT in
recent years, which take into account the RGE evolution of the Wilson coefficients. In
this article, we will lay special focus on flavour observables in the down-sector within the
SMEFT [14,19–25].
Yukawa interactions provide a source of flavour violation in the SM, as they mix
quarks and leptons of different generations. Being scale dependent, their running has to
be taken into account when considering the RGE evolution of Wilson coefficients. Such
Yukawa RGE effects can have a large impact on flavour observables. This is especially
the case for the top-Yukawa coupling, which is ∼ O(1) above the EW scale and therefore
comparable to QCD running. However, the flavour-dependent Yukawa evolution induces
off-diagonal terms in the Yukawa matrices, which therefore have to be (re-)diagonalized at
the scale of interest to recover the mass eigenbasis. The rotation matrices involved in this
diagonalization procedure also enter higher dimensional operators and therefore influence
the size of their Wilson coefficients. This back-rotation effect is often neglected in the
literature, when performing studies of flavour violating processes. In this article we show,
that the diagonalization effect of the Yukawa matrices has comparable or even larger
effects on the bounds of SMEFT Wilson coefficients than the mere Yukawa running.
Taking into account only the Yukawa RGEs and neglecting the diagonalization can lead
to an over- or underestimation of the size of Wilson coefficients. We illustrate this point
by considering various examples of FCNC processes in the down-sector. They include
the ∆F = 2 observables Sψφ and ∆Ms, the b→ s transition observables BR(B → Xsγ),
BR(B → K∗γ), SK∗γ as well as RK(∗) , Bs → φµ+ µ− and Bs → µ+ µ− for b → s`+`−.
For the theoretical predictions of these observables we use the Python package flavio
[26]. The RG evolution and matching is performed using wilson [15]. All the results
have been confirmed using leading-log (LL) analytic solutions for the RGEs, as well as
explicit expressions for the rotation matrices.
The rest of the article is organized as follows: In Sec. 2 we review flavour rotations
in the SM. Sec. 3 is dedicated to the SMEFT Wilson coefficients at the EW scale and
describes the procedure used for the numerical analysis. In Sec. 4 we compare RG
running and rotation effects using different examples of flavour violating observables like
Bs− B¯s mixing, b→ sγ as well as b→ s``. Finally, we present our conclusions in Sec. 5.
Explicit values of the diagonalization and LL contributions to the considered Wilson
coefficients are given in the appendix.
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2 Field rotations and Yukawa running
The SM fermions acquire their masses through Higgs interactions after EW symmetry
breaking. The Yukawa Lagrangian describing such Higgs-fermion interactions is given
by:
− LY = Yu(q¯ ϕ˜ u) + Yd(q¯ ϕ d) + Ye(¯`ϕe) + h.c. , (1)
where Yu,d,e are the Yukawa matrices and ϕ and ϕ˜ = iσ
2ϕ∗ denote the Higgs field and
its conjugate, respectively. The Yukawa matrices are in general complex 3× 3 matrices.
A basis change from the weak eigenbasis to the physical mass basis is performed by
diagonalizing the Yukawa matrices. This basis change is performed through unitary
3× 3 matrices in flavour space in the following way:
u′L = UuLuL , d
′
L = UdLdL , u
′ = UuRu , d
′ = UdRd , `
′ = U`` , e′ = Uee , (2)
where the primed and unprimed fields denote the weak and mass eigenstates respec-
tively. By applying the fermion field rotations of eq. (2) the Yukawa matrices become
diagonal with real positive entries, representing the nine fermion masses1. For the up-
and down-type Yukawas, after choosing the quark phases appropriately another four
physical parameters remain, which define the CKM matrix. Below the EW scale, one
has the freedom to transform the left- and right-handed quark fields separately by using
different unitary transformations. However, since we are interested in Yukawa running
effects in the SMEFT, the Yukawa matrices have to be specified above the EW scale.
In the unbroken phase only five unitary transformations can be performed, one for each
of the five fermion representations of the full SM gauge group. We denote them in the
following way:
q′ = USMEFTq q , u
′ = USMEFTuR u , d
′ = USMEFTdR d , `
′ = USMEFT` ` , e
′ = USMEFTe e .
(3)
Having only five rotation matrices at hand allows to diagonalize just two of the three
Yukawa matrices above the EW scale. Since we are interested in flavour observables
in the down-sector, we adopt the Warsaw-down basis defined in [13]2. In this basis,
the down-type and lepton Yukawa matrices are diagonal, whereas the up-type Yukawa
matrix is rotated by the CKM matrix V . At the NP scale Λ one has
Yd(Λ) = diag(yd, ys, yb) , Yu(Λ) = V
†diag(yu, yc, yt) , Ye(Λ) = diag(ye, yµ, yτ ) . (4)
This simple form of the Yukawa matrices however only holds at a single scale, Λ in this
case, and is broken once RG evolution is considered. Namely, running effects generate
off-diagonal entries in the Yukawa matrices and therefore the theory parameters are not
given in the Warsaw-down basis anymore. The generation of the off-diagonal entries
can be understood from the first lines of the Yukawa β-functions in eqs. (42)-(43) in
appendix A. Considering Yd, the leading term of its β-function is proportional to the up-
quark Yukawa matrix Yu, which is non-diagonal in the down-basis. Indeed, at the EW
1A singular value decomposition is performed for each Yukawa matrix, which takes the following form:
Yf = UfLY
diag
f U
†
fR
with the left- and right-handed rotation matrices UfL,R for the fermion indices f = u, d, e.
The rotation matrices are unique for a given quark phase convention.
2See also [27] for a generalization to the full Warsaw basis.
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scale µEW in the first LL approximation and keeping only the dominant yt-contribution
one finds:
Yd(µEW) = Yd(Λ)− δYd 3y
2
t
32pi2
ln
(µEW
Λ
)
+ ... , (5)
where
δYd =
 ydλddt ysλdst ybλdbtydλsdt ysλsst ybλsbt
ydλ
bd
t ysλ
bs
t ybλ
bb
t
 , λijt = V ∗tiVtj . (6)
Note that for simplicity we have not shown the SMEFT contribution to the RG
running of Yd, however we include all terms in (42)-(44) in our numerical analysis. As
shown in eq. (5), the down-type Yukawa matrix is off-diagonal at the EW scale. However,
in order to examine physical processes, a basis change to the mass basis has to be
performed, as in eq. (2). This concludes the evolution of the down-type Yukawa matrix
from the NP scale down to µEW. In short, Yd started by construction from a diagonal
form at the high scale Λ, became off-diagonal at the EW scale through RGE effects
and is finally diagonalized at the EW scale. We refer to the latter diagonalization as
back-rotation to the down-basis.
3 SMEFT Wilson coefficients at the EW scale
We are now in a position to discuss the running of the SMEFT Wilson coefficients to-
gether with the Yukawa matrices. The evolution of the Wilson coefficients down to the
EW scale proceeds in two steps which are shown in Fig. 1 and described in the following:
Step 1: The Wilson coefficients are evolved from the high scale Λ down to the EW
scale µEW using the full SMEFT RG equations. In the LL approximation one finds
3
[C˜a(µEW)]ij = [Ca(Λ)]ij + (βab)ijkl16pi2 ln(µEWΛ )[Cb(Λ)]kl , (7)
where a, b label different Wilson coefficients, i, j, k, l are flavour indices and β denotes
the β-function of the corresponding Wilson coefficient. The tilde (∼) on the left-hand
side of eq. (7) denotes the fact that Wilson coefficients at the EW scale are not in the
down-basis anymore, but in a shifted-down basis which we will call the tilde-basis. As
explained in the previous section, this is due to the off-diagonal Yukawa elements gen-
erated through the running from Λ to µEW. Furthermore, it is important to note that
due to the RG evolution governed by Yukawa couplings, the flavour indices at the EW
scale can be different from the ones at the NP scale. As we are interested in flavour
observables in the down-sector, the next step consists of changing from the tilde-basis C˜i
back to the down-basis Ci:
Step 2: At the EW scale, the Wilson coefficients C˜a(µEW) are rotated back to the
down-basis: [Ca(µEW)]ij = U †ik[C˜a(µEW)]klUlj , (8)
3A similar expression exists for four-fermi operators with four flavour indices.
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where i, j, k, l are flavour indices and Uij denote the rotation matrices in eq. (2). This
back-rotation to the down-basis is key for the study of down-type flavour observables,
since it transforms the involved fields into mass eigenstates. It is important to note
that below the EW scale no further back-rotation is necessary, since off-diagonal Yukawa
elements can not be generated through QCD or QED interactions. As we will show in
the next section, the impact of the back-rotation given in eq. (8) on the size of the Wilson
coefficient can be comparable or even larger than the one coming from the LL running in
eq. (7). It is therefore compulsory to take this effect into account when studying flavour
processes within the SMEFT framework.
RGE ∝ Yd, Yu, gs, g, g′
back-rotation
RGE ∝ gs, αe
Matching
SM
E
FT
W
E
T
µ = Λ Cb(Λ): down-basis
µ = µEW
Ca(µEW): down-basis C˜a(µEW): shifted-down-basis
Ci(µEW)
µ = µLow Ci(µLow)
1
Figure 1: The RG running of the down-basis SMEFT Wilson coefficients from the new
physics scale Λ to the EW scale µEW is shown. Down-type Yukawa running generates
a tilde-basis (C˜a), which has to be rotated back to the down-basis (Ca) at the EW scale.
Subsequently, the Wilson coefficients are matched onto the WET and further evolved
down to lower scales (µLow) to estimate flavour observables.
From the two steps discussed above one finds, that there are two ways of how flavour
changing contributions can arise from operators that conserve flavour. These two possi-
bilities are
• through Yukawa running effects above the EW scale, as described in step 1,
• through back-rotation at the EW scale, as described in step 2.
Both ways of generating flavour changing operators come with a suppression factor. In
the first case, the EW scale Wilson coefficients are suppressed by a typical factor of
κijRGE =
λijt
16pi2
ln
(µEW
Λ
)
. (9)
In the second case however, the suppression is due to small elements of the rotation
matrices involved. Let us illustrate the latter with a concrete example by computing
explicitly the down-type rotation matrices in eq. (2).
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Evolving the down-basis Yukawa matrices from Λ = 3 TeV down to the EW scale
one finds for the down-type rotation matrices
UdR =
 −0.93 + 0.37i 1.6 · 10−6 + 2.5 · 10−8 i −7.2 · 10−7−1.1 · 10−6 + 1.1 · 10−6 i −0.93 + 0.37i 6.2 · 10−5 − 2.6 · 10−5 i
5.2 · 10−7 − 5 · 10−7 i −6.3 · 10−5 + 2.4 · 10−5 i −0.93 + 0.37i
 ,
(10)
UdL =
 −0.93 + 0.37i 1.6 · 10−5 + 2.5 · 10−7 i −3.8 · 10−4−1.2 · 10−5 + 1.1 · 10−5 i −0.93 + 0.37i 1.6 · 10−3 − 6.7 · 10−4 i
2.7 · 10−4 − 2.6 · 10−4 i −1.6 · 10−3 + 6.1 · 10−4 i −0.93 + 0.37 i
 .
(11)
The rotation matrix UuL is fixed through the relation V = U
†
uLUdL and UeL as well as
UeR are identity matrices, assuming there are no right-handed neutrinos. The following
comments on the rotation matrices in eqs.(10)-(11) are in order:
• Several off-diagonal elements in UdL are of the same order as κsbRGE ≈ 9 · 10−4 −
2 · 10−5i, the typical suppression factor resulting from the dominant top-Yukawa
running.
• Even though in general the largest elements of UdR are roughly one order of mag-
nitude smaller than the corresponding κRGE factors, they can still have a large
influence. The impact of UdR depends on the Wilson coefficient in question and
on the considered low energy process. For instance, there are examples where the
top-Yukawa running effect vanishes and therefore back-rotation generates the only
suppression.
• The elements of the rotation matrices are in general complex. This implies that
complex Wilson coefficients can be generated at the EW scale, albeit starting with
real coefficients at the high scale Λ.
4 Yukawa running and flavour observables
Several operators in the Warsaw basis contribute to flavour observables in the down-
sector, which we collect in Tab. 1. In the following we examine their impact due to
back-rotation by studying several examples of flavour violating processes. Furthermore,
the effects of back-rotation and RG running are compared to each other. We assume the
considered Wilson coefficients to be in the down-basis at the high scale of Λ = 3 TeV.
From there the complete one-loop RGE SMEFT running down to the EW scale is taken
into account. Next the back-rotation is performed to have the Wilson coefficients in
the down-basis. After the tree-level matching onto WET the Wilson coefficients are
scaled further down to the characteristic scale µLow of the considered process. Also in
WET, the complete one-loop running is taken into account. The running and matching
is performed using the python package wilson [15]. The full procedure is visualized in
Fig. 1. For convenience we report for all considered Wilson coefficients numerical values
for the back-rotation and LL effects in appendix. B.
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(L¯L)(L¯L) (R¯R)(R¯R) (L¯L)(R¯R)
Q
(1)
qq (q¯pγµqr)(q¯sγ
µqt) Qdd (d¯pγµdr)(d¯sγ
µdt) Qld (l¯pγµlr)(d¯sγ
µdt)
Q
(3)
qq (q¯pγµτ
Iqr)(q¯sγ
µτ Iqt) Qed (e¯pγµer)(d¯sγ
µdt) Qqe (q¯pγµqr)(e¯sγ
µet)
Q
(1)
lq (l¯pγµlr)(q¯sγ
µqt) Q
(1)
ud (u¯pγµur)(d¯sγ
µdt) Q
(1)
qd (q¯pγµqr)(d¯sγ
µdt)
Q
(3)
lq (l¯pγµτ
I lr)(q¯sγ
µτ Iqt) Q
(8)
ud (u¯pγµT
Aur)(d¯sγ
µTAdt) Q
(8)
qd (q¯pγµT
Aqr)(d¯sγ
µTAdt)
(L¯R)(R¯L) and (L¯R)(L¯R) ψ2Xϕ ψ2ϕ2D
Qledq (l¯
j
per)(d¯sq
j
t ) QdG (q¯pσ
µνTAdr)ϕG
A
µν Q
(1)
ϕq (ϕ†i
↔
Dµ ϕ)(q¯pγ
µqr)
Q
(1)
quqd (q¯
j
pur)jk(q¯
k
sdt) QdW (q¯pσ
µνdr)τ
IϕW Iµν Q
(3)
ϕq (ϕ†i
↔
D Iµ ϕ)(q¯pγ
µτ Iqr)
Q
(8)
quqd (q¯
j
pT
Aur)jk(q¯
k
sT
Adt) QdB (q¯pσ
µνdr)ϕBµν Qϕd (ϕ
†i
↔
Dµ ϕ)(d¯pγ
µdr)
Q
(1)
lequ (l¯
j
per)jk(q¯
k
sut) QuG (q¯pσ
µνTAur)ϕ˜G
A
µν Qϕud i(ϕ˜
†Dµϕ)(u¯pγµdr)
Q
(3)
lequ (l¯
j
pσµνer)jk(q¯
k
sσ
µνut) QuW (q¯pσ
µνur)τ
Iϕ˜W Iµν ψ
2ϕ3
QuB (q¯pσ
µνur)ϕ˜Bµν Qdϕ (ϕ
†ϕ)(q¯pdrϕ)
Table 1: SMEFT operators which can be affected by back-rotation of the down-type
quark fields. These operators involve at least one q or d field.
4.1 (L¯L)(R¯R) operators
We start our analysis by examining ∆B = ∆S = 2 processes. We consider the following
effective Lagrangian describing such flavour transitions in the WET:
L∆B=∆S=2 =
∑
i
Ci(µ)Oi + h.c., (12)
with the effective operators:
OVLL = [s¯γµPLb][s¯γ
µPLb] ,
OLR,1 = [s¯γµPLb][s¯γ
µPRb] , OLR,2 = [s¯PLb][s¯PRb] ,
(13)
together with the chirality-flipped operator VRR obtained from interchanging PL → PR
in VLL. We begin our discussion by examining the Wilson coefficients C(1)qd and C(8)qd .
Their tree-level matching contributions to the corresponding WET operators in eq. (13)
are given by [8]
CLR,1 =
1
Λ2
[C(1)qd ]2323 −
[C(8)qd ]2323
2Nc
 , CLR,2 = − 1
Λ2
[C(8)qd ]2323 . (14)
Following the two-step procedure of obtaining a certain flavour combination at the EW
scale (see eqs. (7)-(8)), we find the following contributions to the Wilson coefficients of
eq. (14):
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q3 q2
ϕ˜
u3
1
q3 q2
ff
q3
1
Figure 2: Diagrams describing the RGE mixing of four-fermi operators due to up-type
Yukawa interactions in SMEFT. The left diagram shows the up-type Yukawa contribution
to the self-energy of the quark field q, which contributes to its wave function renormaliza-
tion. The right diagram shows a typical example of operator mixing induced by Yukawa
wave function renormalization.
[C(1,8)qd ]2323(µEW) ≈ (U †dL)23[C˜(1,8)qd ]3323(µEW) + (U †dR)23[C˜(1,8)qd ]2333(µEW) (15)
+
y2t V
∗
tsVtb
32pi2
[C(1,8)qd ]3323(Λ) ln(µEWΛ ) ,
where the first line is due to back-rotation and the second one results from LL running.
Feynman diagrams describing the SMEFT running are depicted in Fig. 2. In eq. (15) we
have omitted higher powers of the rotation matrices as well as LL terms which are not
enhanced by y2t , since such contributions are further suppressed. Furthermore, on the
RHS we omit the flavour combinations 2223 and 2322, since they lead to very similar
results as the ones we are about to discuss in the following. Also, large Yukawa mixing
effects due to ψ2H2D operators have been studied in [28], and we will refrain from
discussing them here. We study the effect of the Wilson coefficients
[C(1,8)qd ]2333 and[C(1,8)qd ]3323 on the mass difference ∆Ms of the Bs mesons, as well as the CP asymmetry
Sψφ. The SM predictions of these observables are given by:
∆MSMs = (18.7± 1.3) ps−1 , SSMψφ = (3.87± 0.23)× 10−2 , (16)
and their experimental values by [29]
∆M exps = (17.76± 0.02) ps−1 , Sexpψφ = (3.3± 3.3)× 10−2 . (17)
The result of imposing these constraints on the Wilson coefficients of eq. (15) is given
in Fig 3, in which the allowed regions for the real and imaginary parts of
[C(1)qd ]3323 and[C(1)qd ]2333 are shown.
The orange region in Fig 3 left shows the 1- and 2σ contours for
[C(1)qd ]3323 in the
case where only the running from the high scale Λ to the EW scale is considered. The
green region includes also the back-rotation effect, given in the first line of eq. (15).
The allowed region is largely reduced once back-rotation is taken into account, since its
contribution is one order of magnitude larger than the one from RGE evolution (see
Tab. 2). For
[C(1)qd ]2333 the effect is even more pronounced. Since there is no RGE
contribution from this operator to the ∆F = 2 observables, it is basically unconstrained
in this approximation. However, performing back-rotation at the EW scale reduces the
allowed region drastically, as shown by the green region in Fig 3 right.
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Figure 3: Allowed 1- and 2σ contours for the real and imaginary parts of the Wilson
coefficients
[C(1)qd ]3323 (left) and [C(1)qd ]2333 (right), subject to the ∆F = 2 observables
∆Ms and the CP asymmetry Sψφ. The orange and green areas are the allowed regions
when RGE evolution or RGE + back-rotation are taken into account, respectively. The
Wilson coefficients are assumed to be generated at the NP scale Λ = 3 TeV.
A similar situation is encountered for the real parts of
[C(1)qd ]3323 and [C(8)qd ]3323, shown
in Fig. 4. The linear relation between the two Wilson coefficients results from the match-
ing conditions of eq. (14) and the LR contribution to ∆Ms (see f.e. eq. (29) in [30]).
As before, the RGE-only part (orange) of the matching results in a much wider allowed
region compared to the case where the full matching (green) including back-rotation is
considered.
4.2 (L¯L)(L¯L) operators
In this subsection we consider the contributions from the Wilson coefficients C(1)qq and C(3)qq
to the previously discussed ∆F = 2 observables. Their tree-level matching contribution
to the WET Lagrangian in eq. (12) reads [8]
CVLL =
1
Λ2
([C(1)qq ]2323 + [C(3)qq ]2323) . (18)
The Wilson coefficients
[C(1)qq ]2323 and [C(3)qq ]2323 receive contributions from both back-
rotation and LL running at the EW scale:
[C(1,3)qq ]2323(µEW) ≈ (U †dL)23[C˜(1,3)qq ]2333(µEW) + y2t V ∗tsVtb16pi2 [C(1,3)qq ]2333(Λ) ln(µEWΛ ) , (19)
where we have neglected small contributions or contributions with similar numerical
outcome. The full set of contributions is given in Tab. 3. Fig. 5 shows the contour plots
for
[C(1)qq ]2333 and [C(3)qq ]2333, when imposing ∆Ms and Sψφ. In both scenarios the orange
4 Yukawa running and flavour observables 10
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Figure 4: Allowed 1- and 2σ contours for the real parts of the Wilson coefficients[C(1)qd ]3323 and [C(8)qd ]3323, subject to the ∆F = 2 observables ∆Ms and the CP asymmetry
Sψφ. The orange and green areas are the allowed regions when RGE evolution or RGE +
back-rotation are taken into account, respectively. The Wilson coefficients are assumed
to be generated at the NP scale Λ = 3 TeV.
region, including only RGE evolution, is much larger than the green one, where also
back-rotation is taken into account. As can be seen from Tab. 3 back-rotation provides a
real contribution to
[C(1,3)qq ]2323 at the EW scale which is roughly one order of magnitude
larger than the one from LL running. This leads to a much larger contribution to the
∆F = 2 observables and therefore strongly constrains the Wilson coefficients around
zero.
As a further example of (L¯L)(L¯L) operators we study the back-rotation effect of the
semi-leptonic operator C(1)`q . For this purpose we consider the effective Lagrangian
Lb→sµµ = N (Cµµ9 Oµµ9 + Cµµ10 Oµµ10 ) , (20)
with the normalization constant
N = 4GF√
2
VtbV
∗
ts , (21)
and the semi-leptonic WET operators
Oµµ9 =
e2
16pi2
(s¯γνPLb)(µ¯ γ
νµ) , Oµµ10 =
e2
16pi2
(s¯γνPLb)(µ¯ γ
νγ5µ) , (22)
relevant for b → s µ+µ− transitions. The tree-level contributions to these operators
coming from
[C(1)`q ] and [C(3)`q ] are given by [8]
Cµµ9 = −Cµµ10 =
1
Λ2
16pi2
N e2
[C(1)`q ]2223 . (23)
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Figure 5: Allowed 1- and 2σ contours for the real and imaginary parts of the Wilson
coefficients
[C(1)qq ]2333 (left) and [C(3)qq ]2333 (right), subject to the ∆F = 2 observables
∆Ms and the CP asymmetry Sψφ. The orange and green areas are the allowed regions
when RGE evolution or RGE + back-rotation are taken into account, respectively. The
Wilson coefficients are assumed to be generated at the NP scale Λ = 3 TeV.
In our analysis of
[C(1)`q ]2223 we will focus on self-mixing as well as on the flavour-
diagonal case
[C(1)`q ]2222, whereas the remaining contributions can be found in Tab. 4. In
this case, the Wilson coefficient
[C(1)`q ]2223 at the EW scale is given by:[C(1)`q ]2223(µEW) ≈ (UdL)23[C˜(1)`q ]2222(µEW) + y2t V ∗tsVtb32pi2 [C(1)`q ]2222(Λ) ln(µEWΛ ) , (24)
where the first and second term is due to back-rotation and LL running, respectively.
In eq. (24) we have omitted the self-mixing part but take it into account in our analysis
below.
In the following we impose the binned µ−e ratio RK∗ = 〈Rµe〉 of B0 → K∗0`+`−, the
binned q2 distribution of the branching ratio for Bs → φµ+µ− as well as BR(Bs → µ+µ).
Their SM predictions are given by:
[RSMK∗ ][1.1,6.0] = 1.00 ,
BR
SM
(Bs → µ+µ−) = (3.61± 0.19)× 10−9 , (25)
〈dBR
SM
dq2
〉(Bs → φµ+µ−)[1.0,6.0] = (5.39± 0.66)× 10−8 GeV−2 ,
and their experimental values by [31–35]
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[RexpK∗ ][1.1,6.0] = 0.68± 0.12 ,
BR
exp
(Bs → µ+µ−) = (2.88± 0.42)× 10−9 , (26)
〈dBR
exp
dq2
〉(Bs → φµ+µ−)[1.0,6.0] = (2.57± 0.37)× 10−8 GeV−2 .
The results from these constraints are shown in Fig. 6. The cyan shaded area corresponds
to the allowed region of the real-valued Wilson coefficients
[C(1)`q ]2222 and [C(1)`q ]2223 at
Λ = 3 TeV, when only the RGE evolution is considered. For the grey region, also back-
rotation is taken into account. Examining Tab. 4 one finds, that back-rotation gives an
effect which is about one order of magnitude larger than RGE running, which explains
the large difference between the cyan and grey region in Fig. 6. Similar results for these
observables, although for different Wilson coefficients, have been obtain in [36].
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Figure 6: Allowed 1- and 2σ contours of the Wilson coefficients
[C(1)`q ]2222 and [C(1)`q ]2223,
subject to the observables [RK∗ ][1.1,6.0], BR(Bs → µ+µ−) and 〈dBRdq2 〉(Bs → φµ+µ−).
The cyan and grey areas are the allowed regions when RGE evolution or RGE + back-
rotation are taken into account, respectively. The Wilson coefficients are assumed to be
generated at the NP scale Λ = 3 TeV.
4.3 ψ2Xϕ operators
As a next example we consider the SMEFT dipole operators contributing to the flavour
transition b→ sγ. We adopt the following effective Lagrangian:
Lb→sγdipole = N
(
C7γ
e
16pi2
(s¯σµνPRb)Fµν + C7′γ
e
16pi2
(s¯σµνPLb)Fµν (27)
+C8g
gs
16pi2
(s¯σµνPRT
Ab)GAµν + C8′g
gs
16pi2
(s¯σµνPLT
Ab)GAµν
)
,
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Figure 7: Diagrams describing the RGE mixing of the down-type dipole operators QdX
with X = B,W,G, due to up-type Yukawa interactions in SMEFT. Shown are the quark
self-energy contribution (left) and the genuine vertex correction (right).
where TA are the SU(3)c generators and Fµν and G
A
µν are the field-strength tensors
of QED and QCD. The tree-level SMEFT matching onto the dipole operators is given
by [8]
C7γ =
v√
2Λ2
16pi2
N e
(
− [CdW ]23 sin θW + [CdB]23 cos θW) , (28)
C7′γ =
v√
2Λ2
16pi2
N e
(
− [C∗dW ]32 sin θW + [C∗dB]32 cos θW) , (29)
C8g =
v√
2Λ2
16pi2
N gs
[CdG]23 , C8′g = v√2Λ2 16pi2N gs [C∗dG]32 , (30)
where θW denotes the Weinberg angle. Focusing on the flavour-diagonal case with flavour
indices 224, the contributions to the relevant operators coming from back-rotation and
LL running read for the indices 23:[CdW ]23(µEW) ≈ (UdR)23[C˜dW ]22(µEW) , (31)[CdB]23(µEW) ≈ (UdR)23[C˜dB]22(µEW) , (32)[CdG]23(µEW) ≈ (UdR)23[C˜dG]22(µEW) , (33)
and for the indices 32:[CdW ]32(µEW) ≈ (U †dL)32[C˜dW ]22(µEW) + 5y2t V ∗tbVts32pi2 [CdW ]22(Λ) ln(µEWΛ ) , (34)[CdB]32(µEW) ≈ (U †dL)32[C˜dB]22(µEW)− 3y2t V ∗tbVts32pi2 [CdB]22(Λ) ln(µEWΛ ) , (35)[CdG]32(µEW) ≈ (U †dL)32[C˜dG]22(µEW)− 3y2t V ∗tbVts32pi2 [CdG]22(Λ) ln(µEWΛ ) , (36)
where the diagrams describing operator mixing are given in Fig. 7. We note that the
Wilson coefficients C7γ and C8g are only generated through back-rotation, whereas their
primed versions receive an additional LL contribution. To study the impact of
[CdX]22,
4Similar comments apply to the case with flavour indices 33.
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(with X = B,W,G) on b → sγ we impose the observables BR(B → Xsγ) and the
mixing-induced CP asymmetry SK∗γ . Their SM predictions are given by [37]:
BR(B → Xsγ)SM = (3.29± 0.22)× 10−4 , SSMK∗γ = (−2.3± 1.5)× 10−2 , (37)
and their experimental values by [29]
BR(B → Xsγ)exp = (3.27± 0.14)× 10−4 , SexpK∗γ = −0.16± 0.22 . (38)
In Fig. 8 the 2σ contours for
[CdB]22 and [CdG]22 are shown. The blue shaded area
corresponds to the case where only the running is taken into account and the red area
includes the back-rotation to the down-basis. From Tabs. 8 and 10 we see, that the
back-rotation factor acts constructively to the RGE effect and therefore enhances the
bound on the Wilson coefficients, which is reflected in the difference between the blue
and red shaded areas. For
[CdG]32 the contribution to the observables results mainly
from the large QCD mixing from C8 into C7 below the EW scale [38–40]. The situation
−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0
Re([CdB]22) ×10
−8
−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
Im
([
C
d
B
] 2
2
)
×10−8 b→ sγ observables
RG running only
RG running + Back-rotation
−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0
Re([CdG]22) ×10
−7
−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
Im
([
C
d
G
] 2
2
)
×10−7 b→ sγ observables
RG running only
RG running + Back-rotation
Figure 8: Allowed 1- and 2σ contours for the real and imaginary parts of the Wilson
coefficients
[CdB]22 (left) and [CdG]22 (right), subject to the b→ s observables BR(B →
Xsγ) and the CP asymmetry SK∗γ . The blue and red areas are the allowed regions
when RGE evolution or RGE + back-rotation are taken into account, respectively. The
Wilson coefficients are assumed to be generated at the NP scale Λ = 3 TeV.
is reversed when complex values for
[CdW ]22 are considered. Here, the sign of the RGE
contribution is opposite to the back-rotation part, as seen in eq. (34). This leads to the
situation depicted in Fig. 9, where the allowed region for RGE only (blue) is smaller than
the one which includes also back-rotation (red). In this case, as opposed to the previous
examples, neglecting back-rotation would not lead to an over- but to an underestimation
of the allowed values of the Wilson coefficient.
4.4 ψ2ϕ2D operators
In this subsection we study back-rotation effects for operators of the class ψ2ϕ2D. After
EW symmetry breaking these operators can induce FC quark couplings of the Z which
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Figure 9: Allowed 1- and 2σ contours for the real and imaginary parts of the Wilson
coefficient
[CdW ]22, subject to the b→ s observables BR(B → Xsγ) and the CP asym-
metry SK∗γ . The blue and red areas are the allowed regions when RGE evolution or
RGE + back-rotation are taken into account, respectively. The Wilson coefficient is
assumed to be generated at the NP scale Λ = 3 TeV.
are defined by
LNPψ¯ψZ = Zµ
∑
ψ=u,d
ψ¯i γ
µ
(
[∆ψL(Z)]ij PL + [∆
ψ
R(Z)]ij PR
)
ψj + h.c. , (39)
with ψ = u, d. The down-type couplings can be expressed in terms of SMEFT Wilson
coefficients as [28]
[∆dL(Z)]ij = −gZ2 v
2
Λ2
[
C(1)ϕq + C(3)ϕq
]
ij
, [∆dR(Z)]ij = −gZ2 v
2
Λ2
[Cϕd]ij , (40)
here gZ =
√
g2 + g′2 and v = 246 GeV is the EW vacuum expectation value. Such
operators are however in general strongly constrained by EW precision (EWP) tests, and
we will see that the effect from back-rotation and RG running on the flavour observables
is shadowed in this case. As an example we discuss the Wilson coefficient
[C(1)ϕq ]23. Its
contributions from back-rotation and LL running at the EW scale are given by
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Figure 10: Feynman diagrams describing the Yukawa mixing of
[C(1)ϕq ]22 into [C(1)ϕq ]33.
The first diagram results from wave function renormalization and the second one is a
genuine vertex correction. Similar diagrams are found for the index combination 33.
[C(1)ϕq ]23(µEW) ≈ (UdL)23[C˜(1)ϕq ]22(µEW) + (U †dL)23[C˜(1)ϕq ]33(µEW) (41)
+
y2t V
∗
tsVtb
8pi2
([C(1)ϕq ]22(Λ) + [C(1)ϕq ]33(Λ)) ln(µEWΛ ) ,
where the full list of contributions from back-rotation and LL running is given in Tab. 11.
The diagrams describing the Yukawa mixing in the second line of eq. (41) are depicted
in Fig. 10. Imposing now b → s`` as well as EWP constraints from [14] leads to the
contour regions in Fig. 11.
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Figure 11: Allowed 1- and 2σ contours for the Wilson coefficient
[C(1)ϕq ]22 and [C(1)ϕq ]33,
subject to the b → s`` observables. The cyan and black areas are the allowed regions
when RGE evolution or RGE + back-rotation are taken into account, respectively. We
also show the constraints due to EW precision observables in the magenta region. The
Wilson coefficients are assumed to be generated at the NP scale Λ = 3 TeV.
The cyan and black contours are obtained from b → s`` observables when RGE
running and RGE + back-rotation are taken into account, respectively. Again, back-
rotation has a large effect on the allowed region of the corresponding Wilson coefficients.
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However, constraints from EWP, depicted by the small magenta region in Fig. 11, are
much stronger and have a preference for a slightly different region in parameter space.
Therefore, the Wilson coefficients
[C(1)ϕq ]22 and [C(1)ϕq ]33 alone are insufficient to explain
the b→ s`` data.
5 Conclusions
In this article we investigate Yukawa RGE effects in the SMEFT and their impact on
down-type flavour observables. We identify the two leading effects on the SMEFT Wilson
coefficients resulting from Yukawa running, namely the standard RGE evolution of the
Wilson coefficients and secondly effects due to the flavour rotation back to the down-
basis. The latter results from Yukawa diagonalization at the EW scale and can have
sizable effects comparable or even surpassing the ones from mere RG running. We
compare this back-rotation to the RGE evolution using numerous examples. For instance,
we consider vector operators contributing to ∆B = ∆S = 2 processes and find that back-
rotation largely reduces the allowed regions of the Wilson coefficients. Furthermore we
study dipole operators in the context of b→ sγ observables and show, that back-rotation
can lead to either an under- or an overestimation of the resulting Wilson coefficient
bounds. Finally, for semi-leptonic SMEFT Wilson coefficients, their bounds from b→ s``
processes change completely when taking back-rotation into account. From these results
we conclude, that back-rotation effects are an integral part of down-type flavour SMEFT
analyses and need to be included to obtain a fully consistent picture. The effect is most
pronounced when a flavour rotation is performed on one single flavour index. In the case
of multiple rotations the impact is suppressed by small entries of the rotation matrices.
Furthermore, there are examples where back-rotation provides only a subdominant effect.
This is for instance the case for ψ2ϕ2D operators, which are strongly constrained from
EW precision tests.
In our numerical analysis we worked in the Warsaw-down basis at the NP scale Λ.
Changing this assumption by adopting a different basis at the high scale corresponds
to a linear transformation of the initial conditions and would therefore lead to a simple
scaling of the results. The conclusions would however remain the same. In principle,
such back-rotation effects can also occur when studying up-type flavour observables.
However, we leave an explicit analysis for the future.
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A Yukawa Anomalous Dimensions
In this appendix we report the full RG equations of the Yukawa couplings in SMEFT.
The β-functions of the up-, down-type and lepton Yukawa matrices are given by [12,41]
[βYu ]rs =
3
2
([
YuY
†
uYu
]
rs
−
[
YdY
†
d Yu
]
rs
)
+
(
γ
(Y )
H −
9
4
g2 − 17
12
g′2 − 8g2s
)
[Yu]rs
+ 2
m2
Λ2
[
3 [Cuϕ]rs +
1
2
(CϕD − 2Cϕ2) [Yu]rs −
[
C(1)†ϕq Yu
]
rs
+ 3
[
C(3)†ϕq Yu
]
rs
+
[
YuC
†
ϕu
]
rs
−
[
YdC
†
ϕud
]
rs
− 2
([
C(1)qu
]
rpts
+
4
3
[
C(8)qu
]
rpts
)
[Yu]pt −
[
C
(1)
`equ
]
ptrs
[Ye]
∗
pt
+ 3
[
C
(1)
quqd
]
rspt
[Yd]
∗
pt +
1
2
([
C
(1)
quqd
]
psrt
+
4
3
[
C
(8)
quqd
]
psrt
)
[Yd]
∗
pt
]
, (42)
[βYd ]rs =
3
2
([
YdY
†
d Yd
]
rs
−
[
YuY
†
uYd
]
rs
)
+
(
γ
(Y )
H −
9
4
g2 − 5
12
g′2 − 8g2s
)
[Yd]rs
+ 2
m2
Λ2
[
3 [Cdϕ]rs +
1
2
(CϕD − 2Cϕ2) [Yd]rs +
[
C(1)†ϕq Yd
]
rs
+ 3
[
C(3)†ϕq Yd
]
rs
−
[
YdC
†
ϕd
]
rs
− [YuCϕud]rs − 2
([
C
(1)
qd
]
rpts
+
4
3
[
C
(8)
qd
]
rpts
)
[Yd]pt +
[
C∗`eqd
]
ptsr
[Ye]
∗
tp
+ 3
[
C
(1)
quqd
]
ptrs
[Yu]
∗
pt +
1
2
([
C
(1)
quqd
]
rpts
+
4
3
[
C
(8)
quqd
]
rpts
)
[Yu]
∗
pt
]
, (43)
[βYe ]rs =
3
2
[
YeY
†
e Ye
]
rs
+
(
γ
(Y )
H −
3
4
(3g2 + 5g′2)
)
[Ye]rs
+ 2
m2
Λ2
[
3 [Ceϕ]rs +
1
2
(CϕD − 2Cϕ2) [Ye]rs +
[
C
(1)†
ϕ` Ye
]
rs
+ 3
[
C
(3)†
ϕ` Ye
]
rs
−
[
YeC
†
ϕe
]
rs
− 2 [C`e]rpts [Ye]pt + 3 [C`edq]rspt [Yd]tp − 3
[
C
(1)
`equ
]
rspt
[Yu]
∗
pt
]
, (44)
with the SU(3)c×SU(2)L×U(1)Y gauge couplings gs, g and g′, the Higgs mass parameter
m and the wave function normalization
γ
(Y )
H = Tr
(
3YuY
†
u + 3YdY
†
d + YeY
†
e
)
. (45)
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B Back-rotation and RG running
In this appendix we report the individual contributions to the SMEFT operators at the
EW scale, resulting from back-rotation and LL Yukawa running of Wilson coefficients
as discussed in Sec. 4. Each table lists the contributions to a certain operator resulting
from different flavour indices of that same operator.
B.1 (L¯L)(R¯R) operators
index ijkl of
[C(1)qd ]ijkl back-rotation LL running
2323 1.0 + (2.4 · 10−5) i 0.99
1323 -1.4 · 10−5 + (6.0 · 10−6) i 3.9 · 10−6 − (1.6 · 10−6) i
3323 1.7 · 10−3 − (3.2 · 10−5) i 4.5 · 10−4 − (8.7 · 10−6) i
2123 3.5 · 10−4 + (1.4 · 10−4) i −9.2 · 10−5 − (3.8 · 10−5) i
2223 −1.7 · 10−3 + (3.2 · 10−5) i 4.5 · 10−4 − (8.7 · 10−6) i
2313 −1.4 · 10−6 + (6.0 · 10−7) i 0
2333 6.7 · 10−5 − (1.3 · 10−6) i 0
2321 6.7 · 10−7 + (2.7 · 10−7) i 0
2322 −6.7 · 10−5 + (1.3 · 10−6) i 0
Table 2: Back-rotation and LL effect for
[C(1)qd ]2323 at the EW scale. The same
table is obtained when considering the Wilson coefficient
[C(8)qd ]2323.
B.2 (L¯L)(L¯L) operators
index ijkl of
[C(1)qq ]ijkl back-rotation LL running
2323 1.0 + (2.4 · 10−5) i 0.98
1323 −1.4 · 10−5 + (6.0 · 10−6) i 7.7 · 10−6 − (3.2 · 10−6) i
3323 1.7 · 10−3 − (3.2 · 10−5) i 9.0 · 10−4 − (1.7 · 10−5) i
2123 3.5 · 10−4 + (1.4 · 10−4) i −1.8 · 10−4 − (7.5 · 10−5) i
2223 −1.7 · 10−3 + (3.2 · 10−5) i 9.0 · 10−4 − (1.7 · 10−5) i
2313 −1.4 · 10−5 + (6.0 · 10−6) i 0
2333 1.7 · 10−3 − (3.2 · 10−5) i 0
2321 3.5 · 10−4 + (1.4 · 10−4) i 0
2322 −1.7 · 10−3 + (3.2 · 10−5) i 0
Table 3: Back-rotation and LL effect for
[C(1)qq ]2323 at the EW scale. The same
table is obtained when considering the Wilson coefficient
[C(3)qq ]2323.
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index ijkl of
[C(1)`q ]ijkl back-rotation LL running
2223 1.0 + (1.2 · 10−5) i 0.99
2213 −1.4 · 10−5 + (6.0 · 10−6) i 3.9 · 10−6 − (1.6 · 10−6) i
2233 1.7 · 10−3 − (3.2 · 10−5) i 4.5 · 10−4 − (8.7 · 10−6) i
2221 3.5 · 10−4 + (1.4 · 10−4) i −9.2 · 10−5 − (3.8 · 10−5) i
2222 −1.7 · 10−3 + (3.2 · 10−5) i 4.5 · 10−4 − (8.7 · 10−6) i
Table 4: Back-rotation and LL effect for
[C(1)`q ]2223 at the EW scale.
B.3 ψ2Xϕ operators
index ij of
[CdW ]ij back-rotation LL running
23 1.0 + (1.2 · 10−5) i 0.93
13 −1.4 · 10−5 + (6.0 · 10−6) i 1.9 · 10−5 − (8.1 · 10−6) i
33 1.7 · 10−3 − (3.2 · 10−5) i 2.3 · 10−3 − (4.4 · 10−5) i
21 6.7 · 10−7 + (2.7 · 10−7) i 0
22 −6.7 · 10−5 + (1.3 · 10−6) i 0
Table 5: Back-rotation and LL effect for
[CdW ]23 at the EW scale.
index ij of
[CdW ]ij back-rotation LL running
32 1.0− (1.2 · 10−5) i 0.88
12 3.5 · 10−4 − (1.4 · 10−4) i −4.6 · 10−4 + (1.9 · 10−4) i
22 −1.7 · 10−3 − (3.2 · 10−5) i 2.3 · 10−3 + (4.4 · 10−5) i
31 −1.4 · 10−6 − (6.0 · 10−7) i 0
33 6.7 · 10−5 + (1.3 · 10−6) i 0
Table 6: Back-rotation and LL effect for
[CdW ]32 at the EW scale.
index ij of
[CdB]ij back-rotation LL running
23 1.0 + (1.2 · 10−5) i 0.93
13 −1.4 · 10−5 + (6.0 · 10−6) i −1.2 · 10−5 + (4.9 · 10−6) i
33 1.7 · 10−3 − (3.2 · 10−5) i −1.4 · 10−3 + (2.6 · 10−5) i
21 6.7 · 10−7 + (2.7 · 10−7) i 0
22 −6.7 · 10−5 + (1.3 · 10−6) i 0
Table 7: Back-rotation and LL effect for
[CdB]23 at the EW scale.
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index ij of
[CdB]ij back-rotation LL running
32 1.0− (1.2 · 10−5) i 0.97
12 3.5 · 10−4 − (1.4 · 10−4) i −1.7 · 10−3 − (3.2 · 10−5) i
22 −1.7 · 10−3 − (3.2 · 10−5) i −1.4 · 10−3 − (2.6 · 10−5) i
31 −1.4 · 10−6 − (6.0 · 10−7) i 0
33 6.7 · 10−5 + (1.3 · 10−6) i 0
Table 8: Back-rotation and LL effect for
[CdB]32 at the EW scale.
index ij of
[CdG]ij back-rotation LL running
23 1.0 + (1.2 · 10−5) i 0.93
13 −1.4 · 10−5 + (6.0 · 10−6) i −1.2 · 10−5 + (4.9 · 10−6) i
33 1.7 · 10−3 − (3.2 · 10−5) i −1.4 · 10−3 + (2.6 · 10−5) i
21 6.7 · 10−7 + (2.7 · 10−7) i 0
22 −6.7 · 10−5 + (1.3 · 10−6) i 0
Table 9: Back-rotation and LL effect for
[CdG]23 at the EW scale.
index ij of
[CdG]ij back-rotation LL running
32 1.0− (1.2 · 10−5) i 0.97
12 3.5 · 10−4 − (1.4 · 10−4) i 2.8 · 10−4 − (1.1 · 10−4) i
22 −1.7 · 10−3 − (3.2 · 10−5) i −1.4 · 10−3 − (2.6 · 10−5) i
31 −1.4 · 10−6 − (6.0 · 10−7) i 0
33 6.7 · 10−5 + (1.3 · 10−6) i 0
Table 10: Back-rotation and LL effect for
[CdG]32 at the EW scale.
B.4 ψ2ϕ2D operators
index ij of
[C(1)ϕq ]ij back-rotation LL running
23 1.0 + (1.2 · 10−5) i 0.82
13 −1.4 · 10−5 + (6.0 · 10−6) i 1.5 · 10−5 − (6.5 · 10−6) i
33 1.7 · 10−3 − (3.2 · 10−5) i 1.8 · 10−3 − (3.5 · 10−5) i
21 3.5 · 10−4 + (1.4 · 10−4) i −3.7 · 10−4 − (1.5 · 10−4) i
22 −1.7 · 10−3 + (3.2 · 10−5) i 1.8 · 10−3 − (3.5 · 10−5) i
Table 11: Back-rotation and LL effect for
[C(1)ϕq ]23 at the EW scale.
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